Lyme disease, the most common tickborne infection in the United States, is a chronic, multisystem disorder caused by spirochetes of the Borrelia burgdorferi sensu lato complex (4, 27) . Lyme disease spirochetes are maintained in nature via an enzootic cycle which typically involves wild rodents and Ixodes ticks (22, 34) . To sustain this cycle, B. burgdorferi must adapt to two markedly different host environments. Furthermore, during the mammalian phase of infection, the bacterium presumably expresses virulence determinants which facilitate its ability to cause disease and establish persistent infection. There is now a substantial body of evidence that B. burgdorferi meets these environmental challenges by altering its antigenic composition (12) . Our present understanding of differential gene expression by B. burgdorferi was initiated by the finding that outer surface protein A (OspA) and OspC undergo reciprocal changes in expression during tick feeding (10, 13, 26, 32) . It subsequently was extended by the discovery of numerous differentially expressed borrelial proteins, many of which are homologous to the circular-plasmid-encoded OspE and OspF lipoproteins (1, 2, 9, 11, 17, 20, 38, 40, 44) . The presence of multiple, differentially expressed OspE and OspF homologs in various B. burgdorferi isolates raises a number of intriguing questions about their molecular evolution, their physiological function(s) during the spirochete's enzootic cycle, their potential involvement in immune evasion and protective immunity, and the genetic mechanisms and environmental signals which regulate their expression. To begin to address these questions, we have extended our prior work (1, 2) with B. burgdorferi 297, a human cerebrospinal fluid isolate (35) , and characterized four novel lipoproteins with sequence relatedness to OspE and OspF. These studies have greatly extended our overall insight into the evolutionary relationships between these lipoproteins and, equally important, have underscored the importance of recombination as a mechanism for generating sequence diversity at these evolutionarily unstable loci.
Identification of novel B. burgdorferi 297 genes with ospE/Flike leader peptides. Employing a strategy developed earlier to identify the multiple ospE-and ospF-related loci in other borrelial isolates (8, 24, 39, 41) , we generated an oligonucleotide (US-47, Table 1 ) specific for a highly conserved region upstream of the known ospE and ospF homologs in B. burgdorferi 297 (1, 2) . Using this probe in Southern hybridization analyses, we identified two HindIII fragments (0.5 and 2.5 kb) which did not correlate with any of the previously identified strain 297 ospE or ospF homologs. Cloning and nucleotide sequence analysis revealed open reading frames (ORFs) encoding closely related 34.8-and 41.3-kDa polypeptides. These proteins were designated ElpA1 and ElpA2 to indicate that they contained OspE/F-like leader peptides but, as discussed below, were otherwise unrelated to OspE and OspF. ospE homologs in the N40 and B31 strains have been shown to be contiguous to other lipoprotein-encoding genes (8, 21, 39) . Further sequencing of the regions downstream of the strain 297 ospE and p21 genes revealed that after short (27 bp), identical noncoding regions, both genes are followed by ORFs coding for polypeptides of 43 and 46.5 kDa, respectively, which also were found to contain OspE/F-like leader peptides. These proteins were designated ElpB1 and ElpB2. The seven plasmid-encoded loci containing the five ospE and ospF homologs and four elp genes characterized to date are diagrammatically represented in Fig. 1 .
The strain 297 OspE, OspF, and Elp proteins fall into three distinct homology groups. Dendrogram analysis of the strain 297 OspE and OspF homologs and the four newly identified polypeptides revealed that they clustered into three major groups: (i) OspE and p21, (ii) OspF, Bbk2.11, and BbK2.10, and (iii) the four Elp proteins (data not shown). Subsequently, BLAST searches (3) were conducted with the nine B. burgdorferi 297 polypeptides to identify similar proteins in the GenBank databases. Matches were obtained for known OspE and OspF homologs from other borrelial strains, including several which have been partially sequenced, as well as the Erp proteins from the B31 strain (8, 21, 39, 41, 44) . We next constructed a dendrogram using all of the completely sequenced proteins identified by the BLAST searches, as well as the 297 polypeptides. Similar to the analysis of the 297 proteins alone, the expanded tree revealed three major groups comprised of OspE-related proteins (group I), OspF-related proteins (group II), and the four Elp proteins plus ErpB2, ErpD, ErpM, and ErpX (group III) (Fig. 2) . Multiple sequence alignment of these proteins revealed that the only regions of extensive sequence homology among the three groups are their respective leader peptides (data not shown), suggesting that the mature forms of these proteins might not be evolutionarily related.
Common ancestry of two sequences is typically determined from pairwise alignments by calculating a binary comparison score with a large number (e.g., 100) of random shuffles between the sequences in question (31) . The resulting score is expressed in standard deviations with a score equal to or greater than nine standard deviations indicating that the sequences evolved from the same ancestral gene (31) . Binary comparison scores were calculated to statistically analyze the percent similarities for all of the proteins in the dendrogram ( Table 2 ). The binary comparison scores within groups were significant (most extremely so), whereas the large majority (138 of 160) of scores between groups were not. It was particularly noteworthy that none of the comparisons between groups I and II yielded significant scores, thereby firmly establishing that the OspE and OspF homologs are evolutionarily 17 (14) 15 (12) 16 (10) 16 (11) 19 ( (22) 7 (2) 8 (3) 6 (1) 7 (0) 8 (3) 8 (1) 7 ( (21) 6 (2) 7 (2) 6 (1) 7 (1) 8 (3) 7 (0) 7 (1) 7 (1) BbK2.11 297 58 (55) 33 (26) 5 (1) 6 (2) 6 (1) 5 (0) 7 (2) 6 (2) 4 (0)
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7 (1) 5 (2) 6 (1) 5 (1) 7 (3) 5 ( (17) 16 (14) 19 (15) 20 (15) 18 ( unrelated. All of the comparisons between groups which yielded significant scores involved proteins in groups II and III. When these comparisons were repeated using protein sequences without the leader peptides, only the scores for ErpG remained significant (Table 2) , supporting our classification of group III proteins as a separate family. The above comparisons between mature portions of lipoproteins were based upon the assumption that evolutionary relationships among exported proteins should be demonstrable regardless of whether the analysis was performed on complete protein sequences or just the biologically relevant (i.e., processed) portion of the protein. To validate this idea, we calculated binary comparison scores for four groups of B. burgdorferi lipoprotein homologs (OspA/B, DbpA/B, BmpA-D, and OppA/A1-4). As expected, for each group, the scores were highly significant with or without the leader peptides (data not shown).
The strain 297 ospE and ospF homologs and elp genes are located on cp32 and cp18 homologs. Specific probes for all seven loci (Table 1) were used for Southern analyses of circular plasmids purified from B. burgdorferi 297 (29, 33) . Each probe hybridized with a plasmid of approximately 32 or 18 kb (Fig. 1) . Three lines of evidence indicated that these plasmids are cp32 and cp18 homologs. First, sequence analysis of the regions upstream from each of the lipoprotein genes revealed ORFs (orf6, orf10, orf7, etc.) identical to those previously described upstream from the erp genes (8) and the ospE/F operon (37) (Fig.  1) . Second, between 1.5 and 2.5 kb downstream from each of the lipoprotein-encoding genes is a highly conserved sequence previously used by Casjens et al. (8) as an anchor for PCR mapping of the erp loci in the strain B31 cp32s. Finally, consistent with the recent report that at least one of the multicopy 2.9 loci is positioned approximately 10 kb upstream of the ospE/F operon in the N40 strain (29, 37), we mapped three of the 2.9 loci to the same position on three separate plasmids in the 297 strain utilizing long-distance PCR with a consensus 2.9 primer and specific primers for the ospE, p21, and ospF genes ( Fig. 1 and Table 1) .
Evidence for genetic rearrangements at the cp18 and cp32 loci defined by the ospE and ospF homologs and elp genes. Gene fusion and recombination is one possible explanation for the generation of three evolutionarily unrelated families of proteins which contain virtually identical leader peptides. Indeed, in support of this, nucleotide and protein alignments provided evidence that genetic rearrangements have contributed to the sequence diversity of the nine strain 297 lipoproteins. When OspE and p21 were compared, three rearrangements were apparent (Fig. 3A) . The first is a 13-amino-acid segment near the N terminus of p21 (the region from 22 to 34) which is a nearly exact duplication of a contiguous downstream stretch (the region from 35 to 47), while the second, an 8-amino-acid stretch in OspE (region 93 to 100), is not present in p21 but is, however, an exact match for a sequence in a corresponding region of ErpC from the B31 strain. Interestingly, these rearrangements are within regions which correspond to recently identified OspE variable domains 1 and 2, respectively (41) . The third, which is located in a region of the primary sequence where recombination has not previously been identified, is an apparent seven-amino-acid deletion near the C terminus of OspE which is present in p21 (the region from 169 to 175), as well as the OspE variants from B31 and N40. OspF and BbK2.11 differ mainly as a result of amino acid substitutions and small one-to four-residue insertions-deletions; they also contain a 17-amino acid stretch near their N termini (amino acids 31 to 47) deleted from BbK2.10 (Fig. 3B ). ElpB2 contains a 39-amino-acid stretch (the region from 172 to 210) which is not present in the other three Elps; however, sequences with approximately 75% similarity were identified in ErpB2, ErpD, and ErpM from B. burgdorferi B31 (Fig. 3C) . Immediately downstream from this potential insertion are five full and one partial tandemly repeated copies of a 10-aminoacid motif, EEE(Q or R)QRRAKE, which is not present in either the other Elps or other proteins in the databases (Fig.  3C) . A 12-amino-acid insertion in ElpB1 (residues 78 to 89) is an exact match for a sequence in ErpB2 from the B31 strain. Interestingly, the Kyte-Doolittle, Emini, and Jameson-Wolf algorithms predicted that many of the variable regions identified are hydrophilic, surface exposed, and antigenic, respectively (14) . It is tempting to speculate that the variability identified in these regions results from the immunological pressures B. burgdorferi encounters within the mammalian host during infection.
Similar to the above analyses, that of Stevenson et al. (36) recently provided evidence that past recombination events have resulted in the variability observed in the genes encoding the Erp proteins of B. burgdorferi B31. However, this study did not examine the regions downstream of the lipoprotein-encoding genes. Analysis of these regions for all seven loci in the 297 strain revealed that genetic rearrangements have occurred independently of those involving the contiguous lipoprotein genes (please refer to Fig. 1 ). For example, unique sequences commence immediately downstream of ospF, bbk2.10, and bbk2.11 on plasmids cp32-3, cp32-4, and cp32-5, respectively. Furthermore, the sequences downstream from the ospE/elpB1 and p21/elpB2 operons (cp 32-2 and cp18-2, respectively) diverge after only approximately 200 bp, while the region downstream of elpA1 (cp32-1) appears to be entirely different from those downstream of the other elp genes (cp18-1, cp32-2, and cp18-2). Lastly, the second ORF downstream from elpB2 on cp18-2 is found within a larger ORF which encodes a putative 20-kDa polypeptide downstream of ospF on cp32-3.
Implications for B. burgdorferi evolution and Lyme disease pathogenesis. It has previously been reported that OspE and OspF homologs represent a closely related family of lipoproteins (8, 24, 39) . In fact, Stevenson et al. (39) coined the term Erp (OspE/F-related protein) to reflect this presumptive close relationship among the strain B31 polypeptides. However, when we performed a more rigorous evolutionary analysis, a different phylogenetic picture emerged which clearly demonstrates that the strain 297, N40, and B31 lipoproteins comprise three evolutionarily distinct families which have the same Nterminal leader peptide. The biological function of these and other lipoproteins is unknown, and their role in Lyme disease pathogenesis is poorly understood. However, a major implication of our findings is that the OspE, OspF, and Elp lipoprotein families are likely to perform distinct physiological roles during the borrelial enzootic cycle.
Although lipoprotein leader peptides are constrained by the fact that they must possess a positive charge at the N terminus, a hydrophobic core region, and a signal peptidase II cleavage site, the amino acids which make up these three regions can undergo numerous substitutions without loss of functionality (43) . The most likely explanation, therefore, for the high degree of sequence conservation among the leader peptides in all three families is that these N-terminal domains were derived from the same ancestral lipoprotein. On the other hand, this idea seems paradoxical in light of our contention that these proteins comprise three distinct families. These two notions can be reconciled, however, by proposing that the progenitors for each of the families arose from gene fusion events which joined unrelated proteins to the same N terminus. Three lines of evidence support this hypothesis. First, it is now well established that gene rearrangements are widespread in borrelial isolates and are intrinsic to the genomic variability of Lyme ClustalW alignments of OspE and p21 (A); OspF, BbK2.10, and BbK2.11 (B); and ElpA1, ElpA2, ElpB1, and ElpB2 (C). In panel A, arrows and boldface type indicate tandem duplication and possible insertion-deletion, respectively. In panel C, boldface sequences indicate potential insertions-deletions described in text, while tandem repeats in ElpB2 are underlined. In all of the panels, identical and similar residues are shaded. disease spirochetes, particularly their plasmid component (7, 23, 30, 33, 45) . Second, there are well-described precedents in other prokaryotes in which protein families evolved via cassette transfers or gene fusions which resulted in the acquisition of functional domains, including export signals (6, 19, 42) . Lastly, and possibly of greatest importance, we and others have shown that genetic rearrangements have played an important role in the generation of sequence diversity within the genes encoding these lipoproteins (36, 41) .
Tandemly arranged lipoproteins in B. burgdorferi typically are thought to have arisen from gene duplication and subsequent divergence (5, 18) . A major implication of our evolutionary analysis is that the ospE/elpB1 and p21/elpB2 bicistronic operons had to have arisen via a different mechanism. Based upon the findings that (i) elp genes can exist independently and (ii) the regions downstream from the lipoprotein-encoding genes appear to be particularly prone to rearrangements involving relatively large DNA segments, we propose that the bicistronic operons arose by insertion of elp genes downstream from the two ospE homologs. A final intriguing question is why certain regions of these plasmids appear to be genetically unstable. Circular and linear plasmids of Lyme disease spirochetes are thought to have a common origin and to replicate by a rolling-circle mechanism (15, 16, 23) which is known to be associated with high frequencies of both homologous and illegitimate recombination (25, 28) . One can postulate that the hypervariable loci contain a high density of structural features (e.g., palindromes) which impede the progress of the replication fork and increase the likelihood of strand slippage and recombination (28) . Regardless of the precise mechanism, the association of hypervariable regions with lipoproteins which are differentially expressed and/or subject to immunological pressures suggests that the Lyme disease spirochete has exploited recombinatorial processes to influence host-pathogen interactions.
Nucleotide sequence accession numbers. Additional sequences have been added to the B. burgdorferi 297 bbk2.10, bbk2.11, ospF, ospE/elpB1, and p21/elpB2 loci under GenBank accession no. U18292, U30617, U19754, AF023852, and AF023853, respectively. The elpA1, elpA2, 2.9-8lp, 2.9-9lp, and 2.9-10lp gene sequences have been given GenBank accession no. AF077602, AF077603, AF046998, AF046999, and AF047000, respectively. The GenBank accession numbers for the strain N40 proteins analyzed in this study are as follows: OspE, L13924, p21, L32797; BbK2.10, U19105, OspF, L13925; DbpA/B, AF042796. Those for the strain B31 proteins analyzed are as follows: ErpA/ErpB2, U78764; ErpC/ErpD, U44914; ErpL/ ErpM, U72998; ErpG, U42598; ErpK, U72997; ErpX, AF020657; OppA, AE000792; OppA1-3, AE001139; OppA4, AE000790; OspA/B, X14407. Those for the strain 297 proteins analyzed are as follows: DbpA, U75866; DbpB, U75867.
